Background: The bacterial glycyl radical enzyme CutC converts choline to trimethylamine, a metabolite involved in pathogenesis of several diseases. Results: The structures of substrate-bound and substrate-free CutC revealed significant differences. Conclusion: Choline binding to the active site triggers a conformational change from the open to closed form.
CutC choline trimethylamine-lyase is an anaerobic bacterial glycyl radical enzyme (GRE) that cleaves choline to produce trimethylamine (TMA) and acetaldehyde. In humans, TMA is produced exclusively by the intestinal microbiota, and its metabolite, trimethylamine oxide, has been associated with a higher risk of cardiovascular diseases. Therefore, information about the three-dimensional structures of TMA-producing enzymes is important for microbiota-targeted drug discovery. We have cloned, expressed, and purified the CutC GRE and the activating enzyme CutD from Klebsiella pneumoniae, a representative of the human microbiota. We have determined the first crystal structures of both the choline-bound and cholinefree forms of CutC and have discovered that binding of choline at the ligand-binding site triggers conformational changes in the enzyme structure, a feature that has not been observed for any other characterized GRE.
Trimethylamine (TMA) 2 is a tertiary amine that is produced by bacteria from the quaternary amine compounds choline (1, 2) and carnitine (3) , which are present in food. The human organism is incapable of synthesizing TMA, and therefore, the bacteria of the microbiota are the only source of this metabolite. After absorption in the bloodstream, TMA is further metabolized to trimethylamine oxide (TMAO) by FMO3 (flavin-containing monooxygenase 3) in the liver. Defective or insufficient amounts of FMO3 cause TMA accumulation in the blood, which manifests as trimethylaminuria, or fish odor syndrome (4) . Recent studies have linked the increased availability of ter-tiary amines with a higher risk of cardiovascular disease via an intestinal microbiota-dependent pathway (5) . High levels of TMAO, which are produced from choline (6) and carnitine (3) with the assistance of the intestinal microflora, have been shown to be a cause of atherosclerosis in mice. Studies with human volunteers (3, 7) have confirmed TMA production from carnitine and choline by the intestinal microflora, and clinical data cross-examinations have associated high levels of TMAO with an elevated risk of atherosclerosis (7) , severe heart failure (8) , and renal failure (9) . Lowering TMA and TMAO levels in humans could therefore have potentially preventive and therapeutic effects on trimethylaminuria and cardiovascular diseases. TMAO also increased glucose tolerance and adipose tissue inflammation in mice fed a high-fat diet (10) , suggesting involvement in the development of diabetes. Structural biology studies of microbiota enzymes are important to guide the discovery of novel inhibitor compounds.
CutC choline lyase, a TMA-producing glycyl radical enzyme (GRE), has recently been identified and characterized (11, 12) . A common feature of all GREs is a glycyl radical in the active site. The GRE-activating enzyme, a 4Fe-4S cluster protein, cleaves S-adenosylmethionine (SAM) into a radical (13) that further generates a glycyl radical on the active site glycine. The structures of numerous GREs that catalyze different reactions, such as pyruvate formate-lyase (PFL) (14) , ribonucleotide reductase (15) , glycerol dehydratase (GD) (16) , and benzylsuccinate synthase (BSS) (17) , have been determined. Along with the activating enzyme CutD, CutC cleaves choline, forming TMA and acetaldehyde under anaerobic conditions. Under aerobic conditions, catalysis is impossible because the glycyl radical readily reacts with oxygen, cleaves the main chain, and irreversibly inactivates the enzyme (18) .
The cutC/cutD gene cluster is possessed by several representatives of the human intestinal microbiota, including bacteria in the genera Klebsiella, Escherichia, Streptococcus, and Enterobacter (11) . The mean abundance of representatives of these genera in the stool microbiota is low, but in certain individuals, it can rise to 0.56% for Klebsiella pneumoniae and to 96% for Escherichia coli (19) . Not all bacteria of the microbiota are capable of producing TMA, including Bacteroides, the most abun-dant genus in stool (19, 20) . Therefore, even a small increase in the amount of TMA-producing microorganisms could substantially affect the amounts of TMA and TMAO in an individual. These findings suggest that the CutC/CutD metabolic pathway could be accountable for a significant portion of TMA production in human intestines.
It has been shown that the production of TMAO can be suppressed by shifting the microbial degradation pattern of supplemental/dietary tertiary amines (21) . In addition, the cardioprotective drug meldonium, an inhibitor of L-carnitine biosynthesis and transport (22) , has been shown to lower TMAO levels in both rats and humans (21, 23) through inhibition of TMA production by the intestinal microbiota.
CutC/CutD enzymatic activity in Desulfovibrio alaskensis has previously been demonstrated both in vivo and in vitro (11, 12) . Our model organism, K. pneumoniae, has previously been shown to be capable of producing TMA from both choline and carnitine (21) , but the activity of the CutC/CutD enzymes in this organism has not been demonstrated. To our knowledge, no crystal structure of CutC has been determined until now. Here, we report the crystal structure of the CutC enzyme from K. pneumoniae in both its choline-free and choline-bound forms.
Experimental Procedures
Plasmid Construction and Protein Expression-Genomic DNA was extracted from K. pneumoniae culture (The Microbial Strain Collection of Latvia) by proteinase K treatment and precipitation with ethanol. CutC (GenBank TM accession number EPO20241.1) and CutD (accession number EPO20361.1) sequences from the GenBank TM accession number ARRZ01000032.1 entry were used for primer design (CutC, ATATTCATGACGGCACACTACAA-CTTAACGCCGC (forward) and AATTAAGCTTTTAGAACT-TCTCAATCACCGTACGGC (reverse); and CutD, TATAGGC-CTCATCGCAAAACAAGAATTAACGGG (forward) and AATTCCATGGTTAATGGCGGACTAAGCGAATATC (reverse)). The cutC and cutD genes were amplified by PCR and cloned into pRSFDuet and pET1 vectors containing N-terminal His 6 tags with tobacco etch virus protease cleavage sites. The constructs were sequenced for confirmation. The proteins were expressed in E. coli BL21(DE3) cells. Upon reaching A 540 Ͼ 0.3, induction was performed with 1 mM isopropyl ␤-D-thiogalactopyranoside in 2ϫ Tryptone/yeast extract medium for 3 h at ϩ37°C.
CutC Purification-Frozen cell paste was suspended in lysis buffer (100 mM Tris-HCl (pH 8.0), 200 mM NaCl, 1% Triton X-100, 20 mM MgSO 4 , 0.1 mg/ml DNase, 1 mg/ml lysozyme, 1 mM PMSF, and 2 mM DTT). Cells were lysed by ultrasound, and the lysate was centrifuged at 14,000 ϫ g for 40 min. CutC protein was purified by nickel affinity chromatography using a 1-ml HisTrap column (GE Healthcare). For this step, 20 mM imidazole in 40 mM Tris-HCl (pH 8.0) and 300 mM NaCl was used as a washing buffer, and 300 mM imidazole in 40 mM Tris-HCl (pH 8.0) and 300 mM NaCl was used as an elution buffer.
Limited Proteolysis-For preparative purposes, the 124-kDa CutC protein obtained in HisTrap elution buffer was immediately digested with chymotrypsin using 1 mg of chymotrypsin/ 100 mg of CutC protein for 30 min at room temperature. The 90 -92-kDa CutC fragment was separated from the digestion products and chymotrypsin by gel filtration on a Superdex 200 column in 20 mM Tris-HCl (pH 8.0). The protein was concentrated by ultrafiltration and stored in 50% glycerol at Ϫ20°C.
For analytic purposes, after purification from the HisTrap column, the 124-kDa CutC protein was transferred to 20 mM Bistris propane buffer at pH 6.5 and 8.5 via ultrafiltration. Trypsin was added at 1 mg of chymotrypsin/100 mg of CutC protein.
Digestion was performed for 6 h at room temperature. The CutC molecular mass after cleavage was characterized by both SDS-PAGE and MALDI-TOF-MS.
CutD Purification and Reconstitution-Cell lysis was performed as described for CutC. After lysate centrifugation, the pellet was resuspended in 7 M urea with 5 mM DTT. CutD was purified by nickel affinity chromatography using a 1-ml His-Trap column as described for CutC, except all of the buffers were supplemented with 7 M urea. After purification, the CutD solution was sparged with argon and dialyzed overnight in anaerobic solution containing 150 mM KCl, 25 mM MOPS/ KOH (pH 7.5), 5 mM DTT, 20 mM Na 2 S, and 25 mM (NH4) 2 Fe(SO 4 ) 2 . After dialysis, the CutD solution was desalted and purified from precipitates on a 1-ml Zeba desalting column, equilibrated with 25 mM Tris-HCl (pH 7.5) and 50 mM NaCl . All steps after CutD purification with the HisTrap column were performed in an argon atmosphere in a disposable glove bag (Sigma-Aldrich).
In Vitro Activity Assay-The activity assay was performed in 25 mM Tris-HCl (pH 8.0), 50 mM NaCl, 3 mM SAM, 1 mM choline, 5 mM sodium dithionite, 5 mg/ml CutC (untreated or treated with chymotrypsin), and 4 mg/ml CutD. All stock solutions were sparged beforehand with argon for 10 -15 min in a disposable glove bag. Samples with all components except SAM, CutC, or CutD were incubated as negative controls. Incubation was performed in an argon atmosphere at room temperature for 15 h. After incubation, the solution was mixed with 100% (50:50, v/v) formic acid and stored at Ϫ20°C. The TMA quantity was analyzed by ultra performance liquid chromatography (UPLC)-MS/MS.
In Vivo Activity Assay-For the in vivo activity assay, 0.5 ml of E. coli BL21(DE3) night cultures harboring pRSF-CutC, pET-CutD, empty pET vector, and cotransfected pRSF-CutC and pET-CutD were inoculated in 15 ml of LB medium in Hungate tubes (Chemglass). The LB medium was sparged beforehand with argon for 30 min and supplemented with 0.4 M NaCl, 1 mM choline chloride, and 0.069 mg/ml ferric ammonium citrate as described previously (11) . The cultures were induced with 0.5 mM isopropyl ␤-D-thiogalactopyranoside after reaching A 540 Ͼ 0.3. Incubation was performed for an additional 18 h at 37°C with shaking. The cell culture was centrifuged, the supernatant was mixed with 100% (50:50, v/v) formic acid, and the TMA quantity was analyzed by UPLC-MS/MS.
CutC Crystallization and Data Collection-The protein was concentrated by ultrafiltration to 16 mg/ml in 20 mM Tris-HCl (pH 8.0). To obtain the substrate-bound form, choline chloride was added to a final concentration of 5 mM. CutC was crystallized using the sitting drop method, mixing 1 l of protein solution with 1 l of precipitant (20% (v/w) PEG 3350, 20 -60 mM potassium/sodium tartrate, and 100 mM Bistris (pH 8.5)). CutC crystals without choline were obtained in slightly different conditions (20% (v/w) PEG 3350, 100 -160 mM potassium/sodium tartrate, and 100 mM Bistris ((pH 6.5). Crystals appeared overnight. Crystals were soaked in cryoprotectant (30% glycerol in mother liquid) and frozen in liquid nitrogen. Data were collected at MAX-lab Synchrotron beamline I911-3 (Lund, Sweden). The best diffracting crystals were of the choline-bound form and diffracted up to 2.4 Å resolution. The best crystals without choline diffracted to 3.0 Å resolution.
MALDI-TOF-MS-Crystallization drop solution (1 l) was mixed with 1 l of 0.1% TFA and 1 l of matrix solution containing 15 mg/ml 2,5-dihydroxyacetophenone in 20 mM ammonium citrate and 75% ethanol. Then, 1 l of the obtained mixture was loaded on the target plate, dried, and analyzed using a Bruker Daltonics Autoflex mass spectrometer.
UPLC-MS/MS-Amount of TMA was measured by UPLC-MS/MS. A Micromass Quattro Micro tandem mass spectrometer in positive ionization electrospray mode with a Waters Acquity UPLC system was used to perform the analysis. Chromatographic separation was achieved on an Acquity UPLC BEH HILIC column (2.1 ϫ 50 mm, 1.7 m) in gradient mode with 10 mM ammonium acetate buffer (pH 4.0) as mobile phase A and acetonitrile as mobile phase B. The flow rate was 0.4 ml/min with a column temperature of 50°C. The gradient program was 0 min at 8% A, 3.5 min at 8% A, 4.5 min at 60% A, 10 min at 60% A, 10.2 min at 8% A, and 12 min at 8% A. The ion source parameters were a capillary voltage of 2.8 kV, source temperature of 120°C, and desolvation gas temperature of 350°C at a flow rate of 700 liter/h. The cone voltage was 30 V, and the collision energy was 15 eV. Quantification was performed by integration of the multiple-reaction monitoring trace of TMA (60.1 Ͼ Ͼ 45.0 Da).
Structure Determination-Data were indexed with MOS-FLM (24) and scaled with SCALA (25) from the CCP4 suite (26) . Choline-bound CutC crystals exhibited an orthorhombic lattice and space group P2 1 2 1 2 1 with 8 molecules in the asymmetric unit. CutC crystals without choline exhibited a monoclinic lattice and space group P2 1 with 4 molecules in the asymmetric unit. The choline-bound structure was determined by molecular replacement in MOLREP (27) , using a CutC homology model built from GD (Protein Data Bank ID 1R9D) (16) . The choline-free structure was determined in MOLREP using coordinates from the determined choline-bound structure. Models were further built manually with Coot (28) and refined with REFMAC5 (29) . Data processing, refinement, and validation statistics are shown in Table 1 .
Results

Spontaneous and Induced Cleavage of the N-terminal
Domain-During full-length CutC crystallization trials, protein crystals appeared after what turned out to be a spontaneous partial degradation. Mass spectrometry analysis of the crystallization drops (Fig. 1A) proved that the molecular mass of the protein of interest was reduced from the expected 124 kDa to 90 -92 kDa, corresponding to a loss of 305-325 N-terminal amino acids. The 124-kDa full-length CutC protein proved to be very unstable, with the N-terminal part starting to degrade almost immediately after purification by nickel affinity chro-matography. To ensure the reproducibility and homogeneity of the protein for obtaining better crystals, in further experiments, full-length CutC was treated with chymotrypsin and purified by gel filtration on a Superdex 200 column. Chymotrypsin treatment resulted in a protein that had the same length as after spontaneous degradation. The exact biological role of the N-terminal domain, which contains ϳ305-325 residues, remains unknown because the truncated protein contains the active site, has the same oligomerization state, and exhibits observable (although reduced) TMA-producing activity, as demonstrated below. Analogously, N-terminal truncations of up to 52 amino acids had no effect on the activity and oligomerization state of D. alaskensis CutC (12) . The truncated C-terminal part of CutC also aligns well with other full-length GREs. Residues 334 -1128 in the BLASTP alignment ( Fig. 1B) show 93% coverage with full-length CutC from D. alaskensis (11, 12) , 98% coverage with full-length GD (16) , and 96% coverage with full-length BSS (17) , which indicates that the N-terminal domain is disposable for the catalytic function of the enzyme.
Enzymatic Activity-CutC/CutD from our study was tested for activity both in vivo and in vitro. The in vivo experiments consisted of anaerobic coexpression of CutC and CutD in E. coli BL21(DE3) cells in the presence of choline ( Fig. 2A) . The amount of TMA was higher when the CutC and CutD enzymes were expressed together rather than separately. Enzymatic activity was also tested in vitro with purified CutC and CutD proteins (Fig. 2B) . Both untreated and chymotrypsin-treated CutC enzymes showed higher TMA-producing activities in the presence of SAM compared with the control without SAM, although the activity for chymotrypsin-treated protein was reduced. Dependence on SAM is a fundamental attribute of GRE catalysis because it is crucial for the generation of glycyl radical. The data also showed that both CutC and CutD are essential for catalysis, thus confirming that these two enzymes perform catalysis together. Quality of the Model, Overall Structure, and Oligomerization State-Electron density for the protein chain is visible starting from residue 334 in one of the eight monomers in the asymmetric unit, whereas an additional 3-4 residues are invisible in other molecules. As judged from mass spectrometry, for both the choline-bound and choline-free forms, an additional 10 -30 N-terminal amino acids are present in the crystal in a disordered state and are not visible in the electron density map. For the choline-free form, there are several additional disordered regions that are clearly visible in the choline-bound form. These flexible regions are somewhat different among different molecules in the asymmetric unit, but there are several common regions around residues 937-946, 980 -984, 1006 -1017, and 1028 -1040, for which no interpretable electron density for any chain could be observed.
The 10-␤/␣ barrel structure, which is typical of other GREs, is also characteristic of CutC (Fig. 3) . The monomer can be divided into three subdomains: N-terminal half-barrel (residues 334 -771), C-terminal half-barrel (residues 771-1079), and glycine loop domain (residues 1079 -1128). Gel filtration analysis ( Fig. 4) suggested that CutC in solution both before and after treatment with chymotrypsin exists in oligomers. In the crystal structures of both the choline-bound and choline-free forms, a dimer with 2-fold symmetry can be distinguished ( Fig. 3 ). Dimerization would be expected because similar dimers with 2-fold symmetry have been characterized for the majority of GREs (12, 14 -17) . For this dimer, AREAIMOL calculated a total contact surface of 14,525.5 Å 2 (for the choline-bound form), thus confirming that it is likely the biological CutC dimer.
Active Site-CutC Cys-771 and Gly-1103 align almost perfectly with the GD catalytic dyad Cys-433 and Gly-763, thus strongly suggesting that these 2 residues form glycyl and thiyl radicals that are essential for catalysis ( Fig. 5 ). Theoretical and practical studies have suggested previously that, in CutC, the glycyl radical abstracts the hydrogen atom from cysteine to create a thiyl radical. This thiyl radical then further abstracts the hydrogen atom from the choline C1 atom, causing molecular rearrangement and TMA elimination either directly or through intermediate TMA migration to the generated radical site at C1 (Fig. 6) (12, 30) . Cys-771 in the active site is positioned appropriately for thiyl radical hydrogen abstraction from the choline C1 atom, thus confirming the previous studies. Additionally, the choline C1 atom aligns with the glycerol carbon atom, from AUGUST 28, 2015 • VOLUME 290 • NUMBER 35
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which the hydrogen abstraction is shown to occur (16) . The choline OH group is located at the appropriate distance for hydrogen bond formation with the acid group of Glu-773. The corresponding Glu-435 of GD aligns nearly identically with Glu-773 of CutC, and the former analogously forms a hydrogen bond with the hydroxyl group of glycerol. The positively charged quaternary amine nitrogen of choline is located at the appropriate distance to interact electrostatically with the side chain of Asp-498 and to form a cationinteraction with the nearby Phe-677.
The active site pocket in the choline-bound form is completely closed and mostly fits the choline surface (Fig. 7A) . Therefore, in this form, there is very little space left for designing substrate-like inhibitors with additional chemical groups. However, in the choline-free form, there is a possible tunnel to the outside that is formed by the movement of flexible regions, as discussed below (Fig. 7B) . The C1 atom is the closest choline carbon atom to this tunnel, and it is thus the potential site for designing analog inhibitors. Such an inhibitor with additional atoms at C1 could potentially bind to the active site and prevent the CutC enzyme from transitioning to the active state.
Choline-bound and Choline-free Forms of CutC-The choline-bound and choline-free CutC forms have noticeable conformational differences (Fig. 8A ). In the choline-free form, the CutC conformational change caused the N-terminal half-barrel and glycine loop domain to move away in opposite directions from a gap in which flexible regions, fixed in the choline-bound form, are located. In the choline-free form, the C-terminal halfbarrel and glycine loop domain (␣ helices 20, 21, 23-26, 28, and 30 -32 and ␤ strands 7 and 8) are shifted up to 4 Å, but in the N-terminal half-barrel, they are shifted only up to 1.5 Å (Fig.  8A) . A very similar conformational change has been observed for BSS, another GRE (17) . Two forms of BSS, BSS␣␤␥ and BSS␣␥, have been crystallized, and they differ in a very similar manner to the choline-bound and choline-free forms of CutC, respectively (17) . BSS␣␤␥ consists of the main ␣ subunit and two small ␤ and ␥ subunits, whereas BSS␣␥ contains only the main ␣ subunit and a small ␥ subunit. Similar to choline-free CutC, BSS␣␥ has a more noticeable conformational shift in the C-terminal half-barrel and glycine loop domain compared with the N-terminal half-barrel (Fig. 8B) .
In the choline-free form, the flexible regions expose the active site, including Gly-1103 ( Fig. 9A ). In the choline-bound form, the active site is completely shielded from the outer environment via ordering of flexible regions (Fig. 9B ), which suggests that conformational changes must be associated with increasing availability of the active site. The glycine loop is shifted 2.4 Å toward to the top of the protein (Fig. 9C ). Similar movement was also observed for BSS and thought to be associated with making glycine accessible to the activating enzyme (17) .
Resistance to chymotrypsin treatment was observed for the BSS␣␤␥ complex, but not for the BSS␣␥ complex. Analogously, CutC resistance to 6 h of chymotrypsin treatment was noticeable in the presence of choline, but in its absence (Fig. 10) . The chymotrypsin resistance that was observable at pH 6.5 and 8.5 also excluded the possible influence of pH under different crystallization conditions. The CutC structure in the absence of choline appears to be open in both solution and the crystal, and the binding of choline to the active site appears to change the conformation to a stable, closed, more structured, and chymotrypsin-resistant form. 
Discussion
Recent studies indicate that the influence of the microbiota on human organism functions is very diverse. The association of the microbiota with diseases such as cancer (31), diabetes (32) , and cardiovascular diseases (33) has been demonstrated. TMAO is a metabolite created in the host liver from microbiota-produced TMA, and it has been associated with several diseases (3) (4) (5) (6) (7) (8) (9) (10) . TMA production in the intestine can be suppressed by antibiotics (34, 35) , but this effect is not complete, and long-term antibiotic treatment may lead to an imbalance in the microbiota (36) . An alternative solution would be to develop specific enzymatic inhibitors that block TMA production but do not cause as much of an imbalance in the microbiota as antibiotics do. More information about the structures of TMA-producing enzymes from bacteria in the human microbiota therefore could be significant for finding ways to block TMA/TMAO formation, thus providing new microbiotalinked drug targets to treat cardiovascular diseases and trimethylaminuria. CutC choline lyase is very appropriate as a target of such studies, as it produces TMA from a common nutrient, choline, and can be found in the genomes of several microbiota representatives (11, 12, 19) . Although there is too little free space in the choline-bound form of CutC to design substrate analog inhibitors, the choline-free form may contain a possible tunnel made by movement of disordered regions that could be used for this purpose.
The nature of the catalysis of CutC and other GREs is strictly anaerobic because oxygen reacts with glycyl radicals, inactivating the enzymes. However, the glycyl radical in GREs has proven to be very stable, lasting up to several days in vitro (37) . Several protective strategies have been developed to prevent oxidative enzyme inactivation. One such strategy is using enzymes that act similarly to "spare parts", reattaching the oxygen-cleaved C-terminal domains (38) . The determined structures of certain GREs indicate another protective mechanism: shielding glycine from the outer environment by burying it in the protein core. However, it is unclear how the activating enzyme generates the glycyl radical and how the ligand gains access to the ligand-binding site. Co-crystallization studies with the activating enzyme of PFL and a PFL glycine loop-mimicking peptide have suggested that the active site glycine interacts with the activating enzyme directly (39) . This means that a local movement of the glycine loop out of the protein core, a global structural change, or a combination of both must happen to achieve radical formation. PFL has been shown to exist in solution in both open and closed forms, and the equilibrium between these forms is thought to be modulated by the activating enzyme (40) . Direct structural evidence for conformational changes, similar to the changes observed for K. pneumoniae CutC, has also been observed for BSS (17) . For BSS, this conformational shift is regulated by an accessory ␤ subunit. However, no accessory subunit or activating enzyme was present during the crystallization and chymotrypsin treatment of K. pneumoniae CutC, showing that, at least for CutC, no help from other proteins is required for conformational changes to occur. Chymotrypsin tolerance in the presence of choline also demonstrated that conformational changes occur in solution as well as in crystalline form. These results suggest that, in the open form, the active site is freely accessible to choline and that binding of choline is the only critical factor that transforms the structure from the open to closed form.
Interestingly, CutC is the only GRE characterized so far for which ligand binding to the ligand-binding site causes such an effect on the conformation in the crystal structure. Two other GREs, PFL and GD, have been crystallized in both ligand-bound and ligand-free states (14, 16) , but no significant conformational changes in crystal structure between these two states have ever been observed. Additionally, both the ligand-bound and ligand-free GD states align better with the closed cholinebound CutC state. This raises the question of whether there is a correlation between the observed choline-induced CutC conformational changes and the accessibility of the active site glycine to the activating enzyme. It would be an inefficient strategy for a GRE to enter a stable and closed conformation indepen-dently of the presence or absence of a glycyl radical in the active site. An alternative explanation would be that the activating enzyme is able to induce CutC conformational changes partially or completely independently of the presence or absence of choline. Choline-driven conformational changes in this case could serve only as an additional regulatory mechanism, perhaps increasing affinity for the substrate.
Other results regarding the CutC active site, the mechanism of catalysis, and the oligomerization state are consistent with data from studies on other GREs. CutC has a typical 10-␤/␣ barrel fold, and dimerization is observed. A catalytic dyad is formed by glycine and cysteine, which are located appropriately for hydrogen abstraction from the choline C1 atom, and the choline in the ligand-binding site is coordinated by glutamic acid, aspartic acid, and phenylalanine residues that were previously mapped with site-directed mutagenesis in D. alaskensis CutC and shown to be essential for catalysis (12, 30) .
